The effect of Al-barrier layer-mediated Fe-catalytic deactivation in vertically aligned carbon nanotube (CNT) growth was studied. The substrate surface morphology, catalytic diffusion and barrier layer oxidation were found to be dependent on the annealing temperature of the barrier layer, which ultimately affects CNT growth. The annealed barrier layer without complete oxidation was found to be suitable for top to bottom super aligned CNT arrays. The highest average CNT growth rate of up to 3.88 µm s −1 was observed using this simple approach. Details of the analysis are also presented.
Introduction
Among the known allotropes of carbon, carbon nanotubes (CNTs) have attracted particular attention because their unique properties allow the generation of nanostructures for a wide range of applications [1] . Vertically aligned CNT arrays grown on flat substrates, in which all the nanotubes have a similar orientation and length, are an ideal platform for some viable applications, such as field emitters in flat panel displays, copper substitutes for interconnects, nanoelectrodes for DNA detection and biosensors [2] [3] [4] [5] [6] . Since 1996, various chemical vapour deposition (CVD) methods, including floating catalytic CVD, plasma enhanced CVD and thermal CVD, have been proposed to synthesize aligned multi-wall CNT arrays [5] [6] [7] [8] . Alcohol catalytic CVD, water assisted CVD (WA-CVD), microwave plasma CVD, camphor CVD, etc, have recently been reported to produce vertically aligned CNT arrays [9] [10] [11] [12] [13] . These processes usually involve different catalysts, barrier layers, carbon sources and operation parameters, resulting in products with different morphologies and qualities. However, none of these CNT growth processes can overcome the gradual deceleration and eventual termination of growth. The ability to understand and overcome the underlying deactivation mechanisms is one of the key steps in the application of nanoscale tubes to real macroscopic materials. Barrier layermediated catalytic deactivation and termination of the CNT growth process is an important class of issue. Various materials, such as Al, Al 2 O 3 , Ti, TiO 2 , TiN, Cr, SiO 2 and MgO, can be used as barrier layers [14] [15] [16] [17] [18] [19] [20] . These layers can prevent the diffusion of catalyst atoms into the substrates, improve the adhesion of CNTs to the substrate and influence the characteristics of the resulting CNTs. A considerable amount of work related to the barrier layer-mediated growth of CNTs has been carried out. Cao et al [14] examined the substrateselective growth of CNTs. Arcos et al [15] [16] [17] observed the influence of buffer layer on the characteristics of CNT by carrying out in situ x-ray photoelectron spectroscopy (XPS) measurements. The possibility of Al buffer layer for CNT growth by in situ XPS has been investigated [17] . It was found that at the temperature used for CNT growth, typically well above the eutectic temperature of the Al-Si system, the liquid Al-Si alloy formed efficiently getters the metallic catalyst away from the substrate, thus precluding nanotube growth. Contrary to this, Delzeit et al [21, 22] observed that the Al-barrier layer provides more nucleation sites and has been demonstrated to be useful in growing both single wall CNTs and multi-wall CNTs by thermal CVD. However, there are few reports on a systematic investigation of barrier layer-mediated deactivation of CNT growth.
A previous study reported catalyst deactivation through exponential decay and high temperature parabolic oxidation [23] . This paper reports on the observation of barrier layermediated catalytic deactivation that strongly affects the growth efficiency of CNTs. The CNTs were characterized by scanning electron microscopy (SEM). The diffusion of Fe atoms into the barrier layer was examined by static-secondary ion mass spectroscopy (S-SIMS). XPS was used for surface chemical analysis of the barrier layer samples.
Experimental
Initially, a 15 nm thick Al-barrier layer was deposited on a Si/SiO 2 wafer by electron beam (e-beam) evaporation (see the flow chart in figure 1) . A chemically cleaned, 500 µm thick n-type Si (1 0 0) wafer with a 4 nm native oxide layer was used. The e-beam evaporation chamber was evacuated to ∼3 × 10 −6 Torr and a ∼15 nm thick Al layer was deposited at a rate of ∼0.1 Å s −1 . The substrate was removed from the deposition chamber and cut into several identically sized pieces. The samples were then exposed to different annealing conditions in the CVD chamber.
In typical experiments, after loading the samples, the CVD chamber was evacuated to <0.01 Torr. A rapid thermal heating system was used to reach the various temperatures within 1 min. Thermal annealing was carried out at 100-800
• C for 2 min in vacuum. The annealed samples were again cut into several pieces for further studies. Some of the samples were examined by atomic force microscopy (AFM; SPA-300HV, SII Nanotechnology Inc.) and XPS (ESCA 2000 spectrometer) using an Al K α (1486.6 eV) x-ray source. Some of the samples were loaded into the e-beam chamber to deposit a 0.5 nm Fe-catalyst layer. Fe deposition was carried out in a similar manner to that for Al. Some of the Fe-deposited samples were used to grow 2-3 wall CNTs [24] . Details of the existing WA-CVD process are reported elsewhere [24, 25] . Briefly, Ar, water vapour and C 2 H 2 were injected into the CVD reactor at room temperature (RT). No H 2 was used in this process. The reactor temperature was increased to 810
• C within 1 min and CNT growth was carried out at 2.42 Torr for a further 6 min.
After removing the samples from the reactor, they were analysed by SEM (JSM6700F, JEOL) to determine the height and morphology of the CNT forest. The height was measured at various places and the average height was taken. For the TEM (JEOL 300 kV) observations, the CNTs were removed from the substrates, dispersed in methanol and drop coated onto a copper grid. Some of the Fe-deposited samples were subjected to pseudo-CNT growth conditions (i.e. temperature 810
• C, growth time 6 min, ambient gas Ar without C 2 H 2 and water vapours). In a typical experiment, the CVD reactor was heated to 810
• C in a similar manner to that used for the CNT growth but only Ar was purged. After removing the samples from the reactor, the diffusion profile was examined using S-SIMS (TOF-SIMS-5, Germany ION-TOF).
Results and discussion
It was previously reported that the alignment and number of walls of CNTs can be controlled by the catalyst thickness [24] . In the present study, the catalyst conditions were designed to grow well-aligned 2-3 walled CNTs; only the barrier layer annealing conditions were changed (see figure 1 ). Figure 2 shows the effect of buffer layer annealing on CNT growth. The average CNT growth rate in µm s −1 is plotted as a function of annealing temperature used for the barrier layer. The average growth rate is not a true representative of the growth rate because the growth rate changes with time [23] , although the cumulative effect of barrier layer annealing can be extracted using the average growth rate. The barrier layer exposed to RT provides 1.3 mm high CNTs within 6 min, which corresponds to a growth rate of 3.61 µm s −1 . The growth rate increased on increasing the buffer layer annealing temperature to 500
• C. The 500
• C sample had a growth rate of 3.88 µm s −1 . The total height contributing to this growth rate was 1.4 mm. The trend of growth rate was changed above 500
• C, and showed a downward tendency with increasing buffer layer annealing temperature. The growth rates of the 600
• C and 800
• C samples were 3.47 µm s −1 and 2.08 µm s −1 , respectively. The corresponding CNT heights at these annealing temperatures were 1.25 and 0.75 mm. This suggests that the annealing temperature plays an important role in the CNT growth process. Figure 2 inset shows a typical SEM image of the CNT forest grown on the 500
• C sample. The vertically aligned CNTs formed a dense uniform forest over the Si substrate.
Apart from the change in the CNT forest height, the main difference observed was the change in alignment at the top and bottom of the CNT forest with the annealing temperature. Figure 3 shows the SEM images of the alignment of the CNTs at the top and bottom of the CNT forest grown on different annealed samples. Figure 3(a) shows the CNT alignment at the top and bottom of the CNT forest for the RT sample. The alignment at the top and at the bottom was different. The top of the CNT forest was much more aligned than the bottom of the CNT forest. Apart from the alignment, the bottom of the CNTs showed considerable branching. It should be noted that the apparent individual CNTs at the top were not single CNTs rather a bundle of CNTs (see the arrow in the bottom image of figure 3(a), which shows two CNTs emerging from a single bundle). In addition, the bundle of CNTs at the top was much thicker than at the bottom. The top image has the appearance of threads (bundles) produced by the twisting of more than one fibre (here CNTs) and the bottom image consists of untwisted fibres. On the other hand, the CNTs grown from the nearby catalyst formed threads by van der Waals interactions [24] . A similar trend was also observed in the CNTs shown in figure 3(b) , in which the barrier layer was annealed at 200
• C. In contrast to the images shown in figures 3(a) and (b), the images in figures 3(c)-(f ) show CNT fibres with a uniform thickness at the top and the bottom. The samples were annealed at 500, 600, 700 and 800
• C. The alignment of the CNTs in these samples also changed with increasing annealing temperature. The 500
• C sample in figure 3(c) showed maximum alignment at the top and at the bottom of the CNT forest. Therefore, the buffer annealing temperature plays a significant role in controlling the alignment and growth rate of CNTs.
Surface morphology is an important factor that affects the alignment of the vertically grown CNTs [24] . Van der Waal's interactions between the neighbouring CNTs should be optimized to maintain alignment. The AFM images (figure 4) of the substrates annealed at various temperatures showed different surface morphologies. These images were taken prior to Fe deposition (refer to figure 1) . The as-deposited sample in figure 4(a) showed uniform and small size grains compared with the sample in figure 4(f ), which was annealed at 800
• C. For comparison, the scale bar in all images is 100 nm. Root mean square (RMS) surface roughness values show an increasing trend with the annealing temperature. The RMS surface roughnesses for RT, 200
• C, 500
• C, 600
• C, 700
• C samples were 1.2 nm, 2.3 nm, 3.2 nm, 5.2 nm, 7.7 nm and 9.1 nm, respectively. Increasing the annealing temperature not only indurates the barrier layer but also modifies its surface morphology. In the e-beam deposition, the metal films are formed by a particle nucleation method. Particle nucleation forms the grains that further transform into films. The kinetic energy associated with the metal particles is insufficient to produce a homogeneous film. It also causes the formation of small voids between the nearby grains [26, 27] . Similarly, the Al grains in the barrier layer film contain many voids. Barrier layer annealing at different temperatures rearranges the grain structure and reduces the number and size of voids. AFM provides information on the surface only. The changed surface morphology observed in the AFM images plays an important role in the growth process to keep Fe on the surface. This quantitative conclusion drawn from the AFM observations was further examined by a SIMS study. Figure 5 shows the Fe diffusion profile with depth in the different annealed samples. In this figure, the 'Reference' sample indicates the as-deposited Fe/Al/Si sample without exposing it to the pseudo-CNT growth conditions (refer to figure 1 ). The RT, 500 and 800
• C samples indicate the barrier layer annealing temperature. These samples were exposed to the pseudo-CNT growth conditions after depositing the Fe layer. The Fe on the reference sample was located entirely on top of the surface and there was much less diffusion inside the substrate. This diffusion may be attributed to the initial surface roughness of the Al-deposited substrates. The empty space on the Al substrates provides sites for the Fe atoms to deposit. The kinetic energy associated with Fe atoms during e-beam deposition also might have caused the migration of Fe atoms into the Al layer. The samples exposed to the pseudo-CNT growth conditions showed substantial Fe diffusion into the substrates. The degree of Fe diffusion was affected by the buffer layer annealing conditions. It was found that the Fe diffusion coefficient varied with the buffer layer annealing temperature and it was around 6, 6.4 and 9.02 × 10 −16 cm 2 s −1 with ±1% error for RT, 500 and 800
• C samples [28] . Compared with the RT and 500
• C samples (see diffusion profiles in figure 5 ), more Fe was located on the top of the 800
• C sample and its diffusion inside the barrier layer was restricted. The Fe diffusion depth in all the samples was approximately 15 nm, which is within the Al layer (as mentioned in the experimental part, 15 nm Al layer was deposited on the Si substrate). This shows that the Al layer provides a diffusion path for Fe. This concept is illustrated in figure 6 , which shows the Fe diffusion profile into the Al-barrier layer annealed at different temperatures. During the pseudo-CNT growth process, the Fe diffused inside the Al-barrier layer. The Fe diffusion profile depends on the number of voids inside the Al-barrier layer. The RT sample contains more voids than the 500 and 800
• C samples. These voids provide a path for the Fe to diffuse inside it. The increased annealing temperature reduces the voids and indurates the barrier layer. The 800
• C annealed sample contains a large indurate barrier layer that restricts Fe diffusion. The Fe-deposited RT sample before being exposed to the pseudo-CNT growth conditions is the 'Reference' sample. Figure 7 shows the comparative diffusion profile of Fe, Al and Si. The x and y-axes represent the ion etching time and elemental concentration, respectively. In the 'Reference' sample ( figure 7(a) ), the Si-Al overlap region between 40 and 200 s was attributed to the migration of Al atoms into the Si layer. This migration could be attributed to the initial surface roughness of the Si substrates. The empty spaces on the Si substrates provide sites for Al atoms to deposit. The kinetic energy associated with the Al atoms during e-beam deposition also might have caused the migration of Al atoms into the Si substrate. The degree of inter Si and Al diffusion was also limited to the barrier layer annealing temperature. The RT, 500 and 800
• C samples (see figures 7(b)-(d)) also showed Si migration towards the surface, which is revealed from the initial Si counts. The slightly different Si diffusion profile at the beginning of the 800
• C sample was attributed to the increased grain structure of Al, which is revealed in the AFM images (see figure 4(f ) ). With the exception of the initial Si counts, the maximum Si counts showed an increasing tendency from RT to 800
• C. This peculiar trend may be due to the hindrance for the migration of Si atoms into the Al produced due to annealing. Al diffusion into the Si substrate was also observed for the RT-800
• C samples ( figures 7(b)-(d) ). In all the samples, the amount of Al was higher than Fe. This might be due to the small thickness of Fe (0.5 nm), which does not cover the entire surface of the Al buffer layer. It appears that the change in CNT growth rate, CNT fibre alignment and untwisting nature of the CNT fibres (in figures 2 and 3) is dependent on Fe diffusion. The RT sample showed a great deal of aligned and untwisted CNT formation at the initial stages of growth. As the growth time increased, Fe diffused into the substrate resulting in fewer catalyst sites for CNT formation. This reduces the overall efficiency of CNT growth, ultimately resulting in misaligned, untwisted CNTs with fewer thick CNT fibres. In contrast to the RT sample, the samples annealed at higher temperatures prevent Fe diffusion inside the indurate Al buffer layer. They are also capable of keeping the Fe at the top of the substrate during the growth process, resulting in aligned and thick CNT fibres at the top and at the bottom of the CNT forest. The Fe diffusion and barrier layer surface morphology concomitantly played an important role in the CNT growth process by controlling the overall catalytic efficiency, alignment and untwisting phenomenon in the CNT forest.
The preceding discussion appears to partially contradict the trend observed in figure 2 , even though it can justify the trend observed in figure 3 . If Fe diffusion is limited to the annealing temperature of the barrier layer then one should expect an increase in the CNT growth rate with increasing annealing temperature, as shown in figure 2 . Rather it occurs only up to 500
• C. Above that temperature, the growth rate decreases with further increases in the buffer layer annealing temperature. This means that above 500
• C, a different phenomenon occurs at the buffer layer, which hinders the CNT growth process. It was previously reported that the onset of Fe oxidation played a major role in the CNT growth process [26] . Concurrently, Al oxidation might have played a similar role. The melting temperatures for pure Al and the Al-Si eutectic system are 660.35
• C and 577
• C, respectively [29] . Al 2 O 3 formation can occur above 500
• C at the CVD chamber pressure (0.01 Torr). Thermodynamically, Al 2 O 3 formation is also more favourable in the presence of SiO 2 [30] . XPS analysis was carried out on the annealed barrier layers to determine the precise chemical state of Al. Figure 8 shows the Al 2p XPS spectra for the RT, 200, 500 and 800
• C samples. The Al 2p spectra were split into 2p 3/2 and 2p 1/2 peaks due to 2p spin-orbit interactions and the peaks were observed at ∼71.93 eV and ∼74.60 eV, respectively. The sample annealed at 800
• C showed only a single peak corresponding to 2p 1/2 at 74.64 eV, which indicates the formation of Al 2 O 3 [31] . The metallic part (un-shaded region in figure 8 ) decreased with increasing annealing temperature. The decrease in CNT growth rate (see figure 2 ) above 500
• C was attributed to a decrease in the quantity of metallic Al and an increase in oxide Al in the buffer layer due to annealing. The consumption of excess oxygen-related species by metallic Al during the initial growth process prevents the oxidation of Fe resulting in a higher growth rate [26] . In contrast, the oxidized Al could not prevent the onset of Fe oxidation resulting in a decrease in the CNT growth rate above 500
• C. The decrease in the CNT growth rate below 500
• C was attributed to the diffusion of Fe from the non-indurate Al, even though they contain more metallic Al. A similar explanation is valid for the trend observed by Acros et al, where they did not observe CNT growth on the metallic Al buffer layer [15] [16] [17] . Their samples with pure Al may not have been able to prevent Fe diffusion, which ultimately gives no CNT growth. Still, an un-oxidized indurate buffer layer is the best for long duration, super aligned, high density CNT growth. The samples grown on the 500
• C substrate were very well aligned (top to bottom) and could be used to form CNT yarns and sheets [32] . No remarkable changes were observed in the CNT diameter and number of walls. In all samples, the CNTs were 2-3 walled with a 5-7 nm inner diameter [24] .
Overall, these results emphasize the importance of barrier layer annealing (in vacuum), which controls the activation, morphology and chemistry of the catalyst particles and consequently the growth and CNT characteristics. 
Conclusions
Barrier layer annealing controls the CNT growth process. The average CNT growth rate showed a peculiar relationship with the barrier layer annealing temperature. A maximum growth rate of up to 3.88 µm s −1 was observed for the samples with a barrier layer annealed at 500
• C. Barrier layer annealing modifies the surface morphology of the substrate, which ultimately governs the morphology and alignment in the CNT forest. The buffer layer annealing temperature also limits Fe diffusion on which the CNT density is dependent. Apart from the surface morphology and Fe diffusion, the oxidation state of the buffer layer played a significant role in the CNT growth process. The CNT growth rate depends on the oxidation state of the barrier layer. This study provides a rational way of achieving the maximum growth rate and alignment of the CNTs in the forest from the top to the bottom. It is believed that this simple approach will be helpful in understanding the CNT growth process as well as in growing well-aligned CNTs more efficiently.
